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SUWARY

A continuous 50-hour test was conducted to determine the effect
of mximum cruise-powr3roperation at ultra-lean fuel-air mixture and
increased spark advaiiceon the mechanical conditions of cylinder
components. The test was couducted on a nine-cyllnder air-cooled
radial engine at the follcwhg conditions: brake horsepower, 750;
engine speed, 1900 rpm; brake mean effective presslma, 172 pounde
per equ=e inch; fuel-alr ratio, 0.052; spark advance, 3W B.T.C,;
and maximum rear-spark-plug-bushingtemperature, 400° F. In addi-
tion to the data on corrosion and wear, data are presented and
briefly diecussed on the effect of engine operation at the conditions
of thle test on economy, knock, prelgnltlon, and mixture distribution.

Cyllnder, piston, and piston-ring wear was small and all cylinder
component were in good condition at the conclusion of’the 50-hour
test except that all exhaiast-valveguides were bellmouthed beyond the
-’S specified limit and one exhaust-valve face was Hghtly bulmed.
It ie Improbable that the ll@t burning in one spot of the valve face
would have progressed further because the burn was filled with a hard
deposit so that the valve face formed an unbroken seal and the mating
seat showed no evidence of burning. The bellmouthlng of the exhaust-
valve guides is believed to have been a result of the heavy carbon
and lead-oxide deposits, which were present on the head end of the
guided length of the exhaust-valve stem.

E&lne operational the conditions of this test was shown to
result In a fuel saving of 16.8 percent on a cooled-power basis as
compared with operation at the conditions recommended for this engine
by the ArLIWAir Forces for the same power.
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INTRODUCTION

The trend In alrcra% -engine operation has been toward pro~ee -
sivel$flower fuel-air ratios for Increased fuel eoon~ at oruise-
power conditions. Operating inatruotlons for the nine-cylinder alr-
cooled zadial engine u&ed (reference 1) s~ctiy oruise-power fuel-air
ratios as low as 0.062 for minimum specific fuel flow (minimum brake
spectilc fuel consumption). Reference 2 shows that considerable addi-
tional fuel savings my be effected by cruise-power operation at a fuel-
air ratio lower than 0,062 and at an Increased spx’k advance. Re?er-
ence 2 also Indicates that, on a cooled-power basts (values corrected
for difference in cooling-air drag horsepower), the brake specific
fuel consumption is decreased ae the fuel-air ratio Is lamred at
increased qxw?k advance, up to the lean llmlt for stable engine oper-
ation. Thus, for maxlmumfuol economy it is desirable to operate at
the leanest practloal fuel-air ratio with Increased s~rk advance.
Engine operation at very lem fuel+air ratios (much less than 0.067)
Introduce two main pzzoblems: engine operating instability princi-
pally as a result of poor mixture distribution, and possible deteri-
oration of cylinder parts due to the excess oxy~en in the ohar~e
mixture.

Engine operating stability, neglecting the effect of lean-mixture
operation at Increaeed spark advance on meokanioal condition and on
the Imock-lWted puwer, will establish the lowest mixture ratio at
which it is advleablc to operate aircraft en@zu?s In flight. When the
engine Is operated at very lean fuel-air ratios, unetable onelne oper-
ation will result when the mixture distribution of the engine oauses
one or more of the cylinders to have a fuel-air ratio too lean to
suppoti combustion; as a result misfiring occurs.

Although fuel economynwy be improved by engine operation at
very lean mirlmres and increased spark advance, such operation has
been considered detrimental to cyl.lndercomponents for two reasons:
(1) possible corrosion of cylinder components resulting from engine
operation with an oxidizing fuel-air mitiure (fuel-air mixture leaner
than the stofchiometricmixture, approximately 0.067, reference 3);
and (2) resulting high temperatures of internal cylinder coqonents
that reach a mximumat very ne,=ly the stolchiometrlc mixture and
then decrease rapldl.yas the mixture is made still leaner. Aloo, at
Increased spark advance, internal cylinder parts operate et a higher
temperature than the etiernal cylinder-hsad temperature Indicates
(reference 4). No attempt is mado herein to separate the effects of
these variables on corrosion and wear.
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As part of the gezwral investigation of reduction of wea3 on .:
“ cylinders, pistons, rings, aud valves, requebted by the Air Ted?+al

S~~ioe C-, A= Air.l’oroes,-a oontinuous””50=bou&“l%stWe “con-
ducted at the NACA Cleveland ~boratory”durl~ April 1945 at steady
oond3.tionsto determine thu effeot on cylinder compnents of engine
operation at high crulae power with ultra-lean fuel-air mixtures and
advanced spark timing. In addition to the data on corrosion and .
wear, data are presented and briefly dlsoussed on the efleot of
engine operation at the conditions ‘d this test on eoonomy,
preignition, and mixture distribution. The knook data were
froma test oonducted during July 1845.

APPARATUS

knock,
obtained

A nine-cylinder air-cooled radial.engine of 1823-cubic-inch
displacement was used in this investigation. TMs engine has a

bore and stroke of 6~and 6~ Inchee, respectively, a normal zxatlng

of 1000 brake horsepower, and the compression ratio is 6,70. The
follGwjng cylinder components were used on the en@ne:

...-— .-..—.. - .. ... ____ .. . .. --

Part

~J&~us~ v~lv~
Intake valve
Pistcn
Plstcn rings
-..—..—-.

Descl*iption
—— .—.
Nitrided ste~l; 7 new,
2 reconditioned
Nichrome coa’.ed;newb
6 new, 3 reconditionodc
New
New

-— -.—— ———— -

aCylinders 2 and 9 reconditioned.
%OemribGd in ruference 5.
reconditioned intake valves used in
cylindere 6, 7, and 8.

The engine %$8smounted on a multlcylinder-engine test stand as
shown iE figure 1. The power was absorbed bya three-blade flight
propeller and engine.speed was controlled by a hydronu%ticconstant-
epeed governor. Brake mean effective preesure wae indioated by a
hydraulic torquometer, whloh was integral with the !+ropellerroduo-
tion gearl~. Combustion air was supplied by cm external blower with
an aircraft filter element on Its intake. The mmbustion-alr flow was
measured by the method deecribed in reference 6 (uncompensated
metering-euction differential). The m?buretor with the inlet elbow

..

. .

— .—
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was oaltbrated In a standard carburetor alr box to detezmine the
relation between pressure differential and cambustlon-air flow. The
f’~elflow was measured with a c811brat6d rotameter.

14~tostrlctlon hook piokups were installed on all oylinders
of the engine. A flight-type oowllng was mounted on the engine and
additional cooling was provided by an auxiliary fan that drew air
across the engine. Because the tempent ure of the cooling air varied,
the quantity of cooling air was regulated by shutters on the fan dis-
charge to maintain desired cylinder-head temperature. The baffle
preseure drop was measured b~ a total-head tube on each cylinder head
and a static-pressure tkbe on tilerear of each intercyllnder baffle.
The tubes were installed according to the enghe manufacturers
recommendations and cooling-air flow was determined from the mnu-
facturer’s calibration of the ~ariation of baffle preseure drop with
cooling-air flow. The standard exhaust-gas collector ~ing used had
nine stainless-steel exhaust-gas sampling tubes of 5/16-inch outside
diameter so welded in that tliuopen end of each tube was flush with
the cylinder exhaust-port flange and centrally lo-ted.

The oil was supplied to the engine through a full-flow filter
with a cotton-waste element. The oil consumption was measured by
observing the decrease in the weight of the oil in a weighing tank.
The oil-flow rate was measured by diverting the returning oil into
a flow tank instead of the weighing tank and observing the rate at
which the oil was pumped to the engine from the weightng tank. The
use of special oil-scave~~e tubes made it possible to measure sep!!i-
rately the main-case oil flow. Blow-by past the piston rings was
measured

All
was then
ence 7.
when the

by a Positive-displacment gas meter.

PRCWOTJRE

cylinder components were weighed and measured; the engine
assembled and given a 4-hour run-in as described in refer-
The cylinders were slushed with Navy 11.20lubricating oil
engine was shut down for a weak end. The engine was started

again and a-mixture-control curve was run to determin; the fuel-air
ratio for minimum specific fuel coneumptlon for 750 brake horsepower
at an engine speed of 1900 rpn and a spark advance of 30° 3.T.C.
The 50-hour test was then started at this fuel-air ratio and ccm-
cluded without a shutdown during the test. The test was run under
the followi~ conditions:

Bmakehorsepcwer. . . . . . . . . . . . . . . . . . . , . . .750
Engine speed, ram . . . . . . . . . . . . . . . . . . ...1900
Brake mean effective pressure, pounds per square inch . . . . 172
Fuel-airzatio . . . . . . . . . , . . . . . . . . . 0.052*OFO02
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S~k advance (both plugs), deg B.T.C. . . . . . . . . . . . . 30
ldax~!mumrear-spark-plug-bushingtemperature, OF . . . . . . . 400
Carburetor-air temperature, OF .. ... . . . . . . .“. . “.. . 100
O1l-lntempemtu~e, OF.. . . . . . . .. . . . . . . . . ..165
Engine oil pressure, pounds per square Inch . . . . . . . . . . SO
Kin section oil-flow rate, pounds per minute . . . . . . . . . 30
Lubriwtlng oil . ... . . . . ,“. . . . . Navy 1120 (AN-W-O-446A)
Fuel (See Fuel and oil analysis.) . . . . . . AN-F-28, Amendment-2

At the completion of the 50-hour teat, the engine was shut down
and the oylhders were slushed with Navy 1120 lubricating.oil. The
engine was them remend from the test stand and dlsassembled. .

RESULTS AND DISCUSSION

Teet Conditions

Choice of test conditions. - The test conditions were chosen to——
eppro=m~~=~~e-o—p~r%ting conditions for maximum practioal
economy obtainable at maximum cruise power (75 percent) with ultra-
lean fuel-air mixtures and increased s~rk advance. In order to
select definitely the optimum values for the operating variables, a
complete Investigation of the effect of all operating variables on
economy, knock, and the other factors involved would be required.
The data of reference 2 and unpublished data obtained at the Cleveland
laboratory were used to select the sperk advance of 30° B.T.C. and
the brake mean effective pressure of 172 pounds per square inch, which
wese believed to be very near the opthum practical values for
750 brake horsepcwsr. Although fuel economy shouid have been further
improved by Increasing the spark advance to more than 30° B.T.C. and
raising the brake mean effeotive pressure to more than 172 pounds per
square inch, the increasad severity of operation and decrease in the
knock limit might have made It”hpractioal. A complete discussion of
the effect of the operating variables on economy, severity of opera-
tion, and knock Is beyond the scope of this report but they will be
compared with the results obtained with operation as recommended by
the Army Air Forces [reference 1)..-

Mixture-control curve. - The optimum fuel-air mtio for the
“power~-~=peed, and the spark advanoe chosen was determined by the
constant-powermixture-contrcl curve (fig. 2), which was run as the
first part of this test.. This curve shows decreasing brake specific
fuel oonsmption up to the lean limit for stable engine operation,
fwl-air mtio of 0.052, for these oondit~ons. The brake specific
fuel ooneumption for this engine operating at 750 brake horsepower

1 -.——.——.—— .
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at the conditions reccmmonded in reference 1 was determined and is
plotted on figure 2 for ccunparison. ‘lb difference between the
specific fuel consumption (at the conditions of reference 1) and that
for the conditions of this test indicatas a fuel saving of 14.6 per-
cent for the same power output.neglecting the difference In coollng-
eir drag hor~epowe~ b6tW0en the two Condlticule. The saving taking
Into account the difference in cool@-alr dmg horsepower (cooled-
puwer basis) was calculated according to the method of reference 2
and found to be 16.8 percent.

l!keexternal supercharger power required by the test-stmd blower
to furnish rem alr to tho carburetor was not accounted tor In the
calc~l.ationof the broke specitic fuel consumption at the condltims
of this test. The blower horsepower reqtied, however, was calcu-
lated end found to be very small. When it Is assumed that the external
superchar@ng is supplied by a turbosupercharger, tho eifect of the
required increase of exhaust beck presaue (less than 2 in. lZg] on the
en@ne till be negligible. lhock was not encountered at v time during
the runn@3 of the mtitm-e-control curve. .

Mixture distribution..— —. . - The mixture dlstrihution Is an Important
factor in determining the lean lhlt for stable operation of the
e~ine. When the fuel-air ratio of the cylinder having the leanest
mtxture Is so low that tilecharge will not ignite, this cylinder wll.1
misfire and engine operation becomes unstable. The titure distri-
bution h the engine operating at the cotiitlons of this test is shorn
in f@lrc 5. The maximum variation of fuel-air ratio from the average
was 8.8 percent. Fi@rre 3 clso shows the close agreement between the
.sveragefud-air rutio as determined tiJOr~at analysis of the oxidized
exhaust cas and by fuel-dr lnkke measurements. Because dfluted etiust-
Gas samples from cylhdor 1 existed during the entire teet as the
result of a leaky rhgO on t.% exhaust-gas collector ring, the values
of fuel-air ratio for cyllnder 1 were corrocted using unpublished data
frcana test run under similar conditions on the same engine.

Test Results

Graphic 10R of test. - A graphic log of the test, which was run
continumsli to avoid the corrosion caused by shutdown and the oxces-
sive wear of starthg: ie shown in figure 4. During tie entire test,
the fuel-air ratio as dete?.min@ by measured intake was closely
checked by Ch?satanalysis of tie oxidized exhaust gas. Because of a
defective m-~tor llno, the values dcanbustion-alr fluw end con-
seqmntly fuel-ati ratio by measured intake were faulty for the
period of 4 to 20 hours of the test. Orsat analysis, howover, showed
that tho maxlmzu variation h fuel-air ratio for this period was
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within the limits of varlatlon for the entire teat. Therefore this
portion of the fuel-alr-ratio ourve Is Iudloated as a straight dashed
line on the ~phlo log. Speciflo oil consumption eh6ped no tendenoy
to rise during the test snd was well below the ?mmufacturerts fixi-
mum-’alltmiblespeciflo oil mnmunptlon”of 0.020 pound per bl?a@ “,
horsepower hour for 1900 rpm cmuise operation (referenoe 8). B16w~
by also showed no tendenoy to ri~e during the test. ‘Ho iqdioatlon
of knock was ever present.

Q2&?!E?zk - Inspection of the cylinder o~ponqnts a.?terengine
dl~saembly indicated that they were In good condition. The cylinder
ba~ls were In good condition. .All.the barrelo were Ilghtl.ylac-
quered and ~d a few light scuff wks on.the major-thrust wall. The
major-.-thrustwall of a ty@oal oyllnder barrel Is @own in figure 5.
The cylinder-borewear in both the thrust and n~thrust directi~
resulting from the test Is shown In table 1. Cylinder wear, which
was heaviest In the ohoke, was very light on the thrust and nonthruti
diameters. The valve seats were in good cotiitlon. The cylinder
domes had a light oarbon ooating with a few localized heavy-lead
deposits (fig. 6). In tinecylinder photographed, the localized-lead
deposits were near the $umtlon of the head and barrel between the
front spark-plug bushing and the Intake-valve seat Insert. The
localized-lead deposits In the rest of the.cylinders were heavier
and occurred near the junction of the head and barrel but In differ-
ent places around the cylinder.

Pistons and piston rings. - The pistons were in very good condl- .
tion at the end of the test. The niston crowns were covered with a
llght oarbon deposit and -11 lo~llzed-lead deposits slmllar to
thooe on the dome of the oylinders. The mjor-thrust and minor-thrust
faces of a typical piston with rings after cleaning at the end of the
test are shown In figure 7. These photographs show the light faoe
contact at the top and.bottom of the thrust facee and the ll~ht scLti
marks on the piston thrust face. Piston wear resultlug from the test
was too small to.measure. No pound~ng out of the rl~ lands existed
as shown by the values of piston-ring side clearance in table II.

The condition of the piston rings after the test was very good.
No rim scuffing, scoring, cr st”iokingtis evident, The piston-ring
wear fiataare presented in table II. The ring wear as indlcatod by
weight loss was small and nonuniform in the different cylinders.

Valves. - All the.w~ve heads were covered with a“heavy deposit——
when they were removed from the engine. The typtcal heavy deposits
on the,heatisof both the Intake apd exltiustvalves qre shown in fig-
ure 8. The deposits on the intake valves ware greenish-yellow with a

. .

—.. — — —. — — .—— —
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glazed surfaoe”and completely covel*edthe concave portion of the valve
head. The coating on the etiust valves varied from the smooth
greenish-yellow deposits ehcwn on the valve in figure 8 to the dark
red globular deposits shown un the valve head In figure 9. The
weight of the deposfts on the valves Is given In table 111. The
avemge weight of deposit was 4.15 and 7.26 grams for the exhaust
and Intake valves, respectively.

A speotrographlc analyela nade of’the deposits on the Intake
and exhaust valves Indicated that lead was the chief constituent.
(8ee table IV.) A chemical analysis was then made according to the
method of reference 9 to determine in what compounds the lead
appeared. The composition of the lead deposit on the valves Is
shown In the following table:

Percentage composition of deposit
~+ust valve Intake valve

PbBr2 1.2 1s4
Lead oxides calculated as Pb203 28.7 20.2
Pb (metal) 59.3 58.5
Carbonaceous matter 10.8 19.9

on

The under side of’the exhaust-valve heads had a light even coating
of yellow lead oxide. A factor contributing tn part to the heavy
lead deposits may have been the small excess of tetraethyl lead
indicated by the fuel analysis, which Is discussed In a later section.

The stems and seating faces of a typical intake and exhaust
valve after removal from the engine are shown In figure 10. An
examination of the valves after cleaning showed that all of the
exhaust-valve faces were In good condition with the exception of
the valve from cylinder 9, which was lightly burned In one spot.
The burn was very shallow and before cleaning was filled with a
hard deposit so that the valve face formed an unbroken seal and the
mating seat ehomd no evidence of burning. It Is therefore improb-
able that the light valve-face burning would progress further. The
lightly burned portion of the exhaust-waive face of cylinder 9 after
the deposits had been removed Is shown In figure 11.

Heavy ~rbon and lead-cxlde deposits and light bronze pickup
from the etiust-valve guide were present for one-ha~ inch at the
head end of the exhaust-valve stem guided length. All the exhaust-
valve guides were worn to a bellmouth beyond the Army limits stated
In reference 10. Three of the valve guides were worn beyond the
manufacturer’s bell.mouthlimit (reference 11), which is less severe
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than the _’s llmlt. The IRdlmouthlng of the exhaust+alve guides
is believed to have been a result of heavy carbon and lead-oxide
deposits on the ‘headend of the valve stem. All the Intake-valve -
.fage8 were in excellent q3ndJt,icq.=, Light soft carbon deposits were
present on the under side of the intake-valve-h~ds-(f ig. 10). The
Intake-valve stems were in excellent cmdltlon and the intake-valve
guides were not exce~sivel.y%rn. No indication of valve sticking
as a result of the heavy stem deposits was bvldent at any time
during the teat.

All of the valves, except two sets, were cleaned by the eleo-
trol@ic method of reference 12. The deposits were not removed frcuu
these Inn3sets of valves pending further investigation of the
deposits. Of the valves cleaned, the crowns of two were in excel-
lent condition, four had numoroua “pin-point” pit ~rlgq, and one was
severely pitted as shown In figure K. Some of the intake valvee
had a few very small scattered pin-point pits. (See table III.)

S~k phlRSfi- In this Investigation the spark plugs, which
lncorpo~te an titegral resistor to help retard the rate of electrode
wear, are recommended by the Army for use in the test engine (ref-
erence 13). As shown in table V, the average Increase in spark-
plug gap resulting frcm this test was 0.002 Inch. The values of the
integral resistor before and after the test are also shown In table V.

Fuel and 011 analys%s. - As mentioned in the valve discussion,— — -—— —.
the lead deposits on the valves were uI1’~sua14heavy. For this
reason an analysts was made of a fuel sample taken from the test-
stand fuel system to determine if it ~t the ~-F-28, Amendment-2,
specifications. Analysis of this sample ahowed the tetraethyl-lead
and ethylene-dilxromide(lead-scavengl~ agent) content to be
4.95 milliliters ?er gallon and 3.89 grama per gallon, reapectivel.y.
The fuel specificationAN-F-28, Amendment-2, limits the maximum
tetraethyl-lead content to 4.6 milliliters per gallon and the
ethylene-dibromlde content should be the theoretical amount to com-
bine chemically with all the lead presect (4.03 grama/gal). The
tetraethyl-lead contont was therefore 0,35 milliliter per gallon
(7.6 percent) too high and the ethylene-dibrcmide content was
0.14 gram per gallon (3.6 p-rcent) too lUW.

— --

Analys18”of a sample taken from the oil system afier the test
wae completed ga. the follmring results:
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Makeup oil was added after 20$ hours. .

Knock. - Engine operation at knocking conditions tEIharmful.——
because knock can either cause engine failure itself or can lead to
prelgnltion, which might result In engine fhllure. The en@ne must
therefore be operated under conditions at which there is no proba-
bility of encountering knock. As pert of a knock test on the same
engine used in this test, “datawere obtained for the two knock curves
of figure 13. Curve A was run with the engine operating at the speed
end spark-advance conditions recommended by the Army (reference 1) for
750 brake horsepower; curve B was run at the speed and spark-advance
corxlitionsof this test for the same power. Because the cmbustion-
air flow that would have been required was mere than the test-stand
system could supply, incipient knock could ncitbe obtained for ba~
sets of conditions at fuel-air ratios either lower or higher than those
plotted. The limltiug maximum rear-spark-plug-l)ushlngtemperature for
both curves had to be raised frcm 400° to 500° F during the running of
these curves because of insufficient ca~city of the test-stand cooling
fall.

For this englnez the maximum brake mean effective pressure as
limlted by tnclpient knock was approxhuatel$ I-5percent lower for
the conditions of”this test (fuel-air ratio, 0,052; spark advance,
30° B.T.C.; and engine speed, 1900 rpm) than for those recommended
by the Army (fuel-air ratio, 0.076; spark advance, 20° B.T.C.; and
engine epeedj 2000 rpm). (See fig. 13.)

As ~hown in fi~cre 13, the knock-limited brake man effective
pressure at a fuel-air ratio of”O.052, spark advance of 300 B.T.C.,
and o~ine speed of 1900 rpm, and at a ~mum rear-spark-plug-
bushi~ temperature of 500°F was 192 pounds per square inch. There-
fore, operation of this engine at 750 brake hcnmepower at the con-
dttiona of this test should allow a margin of safety on the brake
mean effective pressure for Incipient hock of approximately 12 per-
cent If the higher cylirder temperalnro allowed during the running
of the knock curves were neglected. Although no attmupt ti~ be
made to correct the margin of eafety for the 100° J?difference in
maximum cylinder-head temperature, it should be pointed out that an
increase in cylinder-head temperature will decrease the lmock-llmited
brake meen effective pressure a considerable amount at low fuel-air
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ratios “(reference 14). Therefore, the aotual margin of safety for
incipient knock for amximum rear-spark-plug-bushinghmpe=ture of
400° F elmfl.dbe Cotisidedablyhigher than”liW”12 peycent indfoated
on f@ure 13.

Preignition. - Although preignition may be the result of engine “
knock, it may lead to engine failure without any indication of knook
(referenoe 15). Figure 14 has been Inoluded to I@ioate the effeot
on the Preignition-llmlted power output of engine operation at the
conditions of this test as compared with operation at the conditions
recommended by the Army for the same power. The data for this
“yreignltion-limitcnrve were obtained from a single-cyllnder
CFR test engine at an mglne speed of 1600 rpm, at a upark advance
of 20°.B.T.c.) and at a oomprcsshn ratio of 7.0 (reference 15).
Because the engine and operating conditions for this curve are
different from those of the test reported herein, a comparison of
absolute values Is not possible. The relative valuee, huwemr,
should be Indicative of the effort of fuel-air ratio on the preig~
nltion limit of the engine used in this test.

The prolgnition-llmited power for a fuel-air ratio of 0.052
is 21 percent higher than that for a fuel-air ratio of 0.076 for
the same spark advance and engine speed (fig. 14). A correction of
the preignition-limitedpower at a fuel-air ratio of 0.052 for the
increase In spark advance from 20° to 30° B.T.C. made according to
the data of reference 16 showed that It should be demeased approx-
imately 20 percent. The effect of the 100 rpm difference In speed
between the two conditions should be of comparatively smll magni-
tude ae indicated by the data of this reference. The net effect
on the prelgnltlon-llmltedpcmmr output of engine o~ration at the
conditions of this test as compared with operation at the oonditlons
recommended by the Army for-the same power should therefore be
negligible.

The test reported herein Ianot mnclusive in itself but It Is
a prt of the evidence being accumulated to determine the feasibility
of ultra-lean-mixtureoperation.

SUMMARY”OF.EESUM!S

The continuous 50’hour test conducted on a nlne-cyllnder.air-
coolad radial engine with a ~ rating of 1000 brake horsepower
at 750 brake horsepower, an engine speed of 1900 rpu, a brake mean
effective pressure of 172 pounds per square inch, a fuel-air ratio
of 0.(M2, a spark advance of 300 B.T.C., and a maximum rear-spark-
plug-buehlng temperature of 400° F to date- the effect on
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cylinder Componentfl of
ultra-lean mlx@re and
results:

NAOA Ml”No. E5127a

umxlmum cruise-power engine operation at
increased spark advance gave the followlng

1. Cylimder, piston, and pieton-ring wear was small and all
cylinder components were in good condition at the conclusion of the
50-hour test except that ali exhaust-valve guides were bellmouthed
beyond the Army’s specified limit and one exhaust-valve face was
lightly burned. It is improbable that the light burni~ in one spot
at the valve face would have pr~eseed further because the bLU?nwas
filled with a hard deyosit m that the valve face formed an unbroken
seal and the mating eeat showed no evidence of burning. The bell-
moulihingof the e-ust-valve guides is believed to have been a
result of the heavy carbon and lead-oxide deposits, which were
present on the head end of the exhaust-valve stcm 3ulded leugth.

2. En@ne operation at the conditions of this test was shown
tO rOSUlt in ELfuel O(iVlng & 16.@ percent on a COOled-pOWOr basis
as compartidwith operation at the same power and at the conditions
recomrwnded for t@ engine by the Army.

3. Although engine opemtion at the condltious of this test
was found to reduce the lmock-limited brake mean effective pressure
approximately 15 psrcent compared with operation at the Armyls
recommended conditions, the margin of safety on the brake meam
effective pressure for Incipient knock was found to be cmsiderably
more than 12 percent.

4. The preignition-limlted power should be
operation at the conditions of this test as for
same power at the conditions recommended by the

the same fur engine
operation fGr the
-.

Aircraft Engine Raseardh Laboratov,
National Advisory WmMttee for

Cleveland, Ohio, September
Aeronautics,
27, 1945.
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TABMI

cxLrNDER-BoImuEAR mmLTIRG FRW 50-EOUR TEST OF IiI@IE-CjXJNDEFi-
KLR-oomml RADIAL EmlnE

F ~~ke hope.po~ep,750;,enginespeed,1900IBpm:brake mean effective
pressure, 172lb/sq in.; fuel-air ratio, CI.052; spark advance,
300B.T.C~

A

o::~Le~:\Cylf:der Cyll:der CYl!nder cylinder CY1.lnder yli~der Cylln&w Cyll~der Cylinder

Thrust-diameter wear (in.)

a 111

1

0.0003 0.0004 0.0004 0.0007 0.0000 0.0000 0.0000 -0.00140.0006
b 1 .0007 .0002 .0005 .0006 .0000 -.0006 .0005 -.0013 .0022
c 9 .0001 .0004 ,0010 .0005 .0001 .0004 .0001 ..0001 .Oool+

d 78 .0001 .0000 .0007 .0002 .0002 -.0002 ,0002 .0003 .0002

● 4 .0001 .0001 .0009 .0005 .0006 .0007 .0004 .0002 ●*
f 2: .0007 .0004 .0011 .0009 ,0009 .0007 .0010 .0000 .0009

a

b

c

d

e

f

T
111

4

.0007

1 .Oooa

*
.0006

78

L

.000~

4 -.0001
+ -.0002

Averoge---OOOhOh

D.0006

-.0001

.0000

.0001

-.0001

-.0001

mthr ust.

3.0016

.0017

● 0002

.0002

.0001

.0000

D. 0001 10.0006

ilameter
t).0005

.0009

.0001

.0004

-*-

-*-

D.0006

E!&LLu
D.0005
.0005

.Oooo

.0000

-.0003

-.0005

.0002

.Oooa

-.0015

-.0001

-.0004

0.0005
.0010

.0005

.0002

-.0002

-.0003

D.0000 ]4 .0001 Io.ooo~ I0.0002

0.0000

.0001

.0003

.0002

.0003

,0006

3.0001

● Oo11

.0002

.Oool+

.Oooo

-*0001

3.0003
a~~erfptlonof ring PoS~tlons: a, top of barrel; b, top of ring travel; o, start of choke;

d, middle of barrel; e, bottom of top ring t~avel; f, flange.
bstance from open end of barrel.

NATIONAL AOVISORY
COWITTEE FOR AERONAUTICS
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TABIEII

P18Ton-RInGuE’E DATA FOR SO-HOUR = OF NINE—CYLINDER AIR-COOLED 2ADIAL ENGINE

@mke homopomr, 7S3;en ins speed, 1S00 rpm: brake mean effective
pressure, 172 lb/sq in.; ?uel-air ~tio, 0.052; spark advance,
wo B. T. c. ; IU~XImUIXI rear-sp.rk-plu -bushing temperatures 400° F;
main -caae air-flow preeaure, 30 lb min; oil inlettemperature,
165° F; oil, Navy 11200

Cylinder Ring Rlng weight,grau Face width, i% Oiametrsltensim ,Ib Free gap ,In SMedaaranca ,il

Eefore LOSS &fore Increase Bsfore Wcreasa &fore Decrease &fore After

1 1 42.6505 3 .a4a6 0.023 0.012 8.49 0.35 0.s 0.04 0.005
2 43.8498

0.004
.0071 .008 .010 8.04 .27 .96

3
.09

42.la41
.005 .0’.35

.0053 .024 .000 8.62 .M 1.06 .08
4

.006 .005
41.4357 .0042 .024 -.008 7.67 .23 1.17 .14 .011 .011
41.5790 .0029 .015 -.004 7.89 -.08 0.97 .06 .011

i
.011

41.’7019 .3027 .011 .004 7.89 .10 1.01 .08 .906 .006

2 45.0998 3.0240 0.029 0.007 7.97 0.20
k 43.0695

0.80 0.05 0.005 0.005
.0096 .006 .008 7.74 .20 1.01 .11

3
.005 .006

42.1914 .0056 .032 .016 8.07 .10 1.08 .10 .006
4

.006
40.8954 .0034 .013 .004 7.57 .38 1.08 .11 .011

5
.011

40.9275 .0053 .013 .002 9.17 1.08 1.10 .07 .011
6

.O11
40.6795 .c)038 .020 -.003 7.32 .00 1.06 .05 .006 .006

3 43.0319 0.3314 0.026 0.011 8.54
i

0.25 0.63 0.04
+3.6837

o .0U5 0.W6
.0092 .039 .009 ‘7.47 -.25 1.01 .11

3 43.7407 .0347 .009 .005
.005 .004

7.74 -.10 1.03 .10 .005
4 41.3102

.034
.0045 .008 .001 7.77 .08 C).96 .09 .019 .011

41.4861 .0023 .009
:

-.001 7.34 -.33 1.03 .06 .010 .011
41.4366 .0343 .ooa .002 7.89 .15 1.03 .06 .006 .006

4 1 43.0771 0.0373 9.026 3.018 8.59 0.37 0.83 0.05 0.005
2 43.4896

0.005
.0162 .007 .015 7.47 .33 1.11 .17

3 43.5S52 .0111 .009
.005 .004

.013 7.?34
4

.10 1.04 .11
40.4184 .0085 .015

.004
.006

.004
6.87 -.82 1.10 .10

5 41.8619
.011 .011

.0060 .011
6

.004 7.79 -.13 .98 .08
41.6948

.011 .011
.00’72 .014 .007 6.92 .15 1.00 .08 .006 .006

5 1 43.0263 0.3144 0.019 0.007 8.12 0.05 0.83 0.05 0.005 0.00s
2 43.2129 .0339 .022 -.011
3

7.44 .15 1.10
43.5653

.12 .005 ,004
.9033 .009 .001 7.89 .05 1.05 .09 .005

4 <1.0455 .3025 .001 .009
.00s

6.59 -.03 1.00 .12 .011
~ 41.5628 .0012 .031

.011
-.019 6.34 -.20 1.06 .15 .011

6
.011

41.97’?5 .3023 .016 -.004 9.19 -.07 1.03 .06 .006 .006

6 1 42.6666 0.0828 J.021 0.016 7.92 3.28 0.82 0.05 0.004
43.5043 .0389

0.004
.011 .007 7.27 .23

;
1.03

42.3505 .0097 .011 .004
.004 .003

7.19 .00 1.05
4

% .006 .005
41.9613 .0053 .022

5
-.009 7.89 .15 1.07 .13

41.4106 .0024 .O1o
.011

.003
.011

7.22 -.20 .95 .08
6 41.6560 .0330 .009

.011
.005

.011
7.62 -.30 1.10 .16 .006 .006

7 1 43.0727 0.0751 0.016 0.010 8.99 0.10 0.62 0.04 0.004

I

43.4664 .0113 .005
0.006

.OI.3 7.97 .13 1.01
:

.10
43.8296 .0099 .007

.004
.010 8.12

.004
.03 1.a3 .11

4
.&J4 .034

41.9472 .0043 .008 .023 8.64
41.72a5

.02 1.06 .12 .011 .011
.0048 .009 .001 6.82 -.07 1.01

;
.12

40.9435 .0054 .016 -.002
.011

8.54 .10
.011

1.07 .05 .C06 .006
8 1 42.5870 0.0370 0.014 0.015 E.04 0.20 0.82 0.06 G .006

43.3412 .0090 .011 .009
0.006

7.24
:

.35 1.08 .16 .C05
43.5087 .0976 .007 .009 7.04

.004

4
.02 1.08 .16 .00s

40.3767
.004

.0098 .014 .000
5

7.94 .02
40.8680 .0047

1.10
.020 -.002

.10
8.37

.011
.03 1.09

.011

6 40.8127 .0027 .014
.08

.002
.011

8.69 .05 1.37
.011

.04 .006 .006
9 1 42.6241 0.0252 0.024 0.001

2
7.52 0.08 J.81 0 .06 0.005

43.4803 .0083 .010 .005 7.29
0.C04

3
.02 1,03 .13

43.4954
.005 .034

.0053 .009 .008
4

7.14 -.13 1.01 .10 .005
41.7854 .oo5a .009 .000 7.79

.034

5
.22 1.12 .15

42.1212 .Ooxl .022
.011 .011

-.006 7.82
6

.08 1.01 .38
41.6680

.011
.0045 .CQ6 .X1 7.87 .13

.311
1.00 .06 .336 .ChJ6

NAT 10NAL ADVISORY
CDM41TTEE FOR AERONAUTICS
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TABLE III
.. . .. . .

VALVE+EIGET IOSSAND VALti=DEPOSITWEIG3T I?OR50-HOURTEST OF NINE-CYLINDER
AIR-COOLEDRADIAL.ENGIRE

_@rake horsepower, 75
lb/eqIn.; fuel-al
spark-piug-buehlng

w
lklNew

I 5 I New

t-=t-=-

h-l=-
PF-
14 I New

H=
5 New

6 Recondi-
tioned

7 Recoqdl-
tloned

8 Recondl-
tloned

9’ Hew

~Va]ve not available

); engine spee
s ratio, O.O~Z
temperature,

rY-
iValve wel ht,

rams

Before Loss

b+-
‘522.95 0.23

1. .2

,518.70 (~)

,532.87 (a)

%

‘1. .0
.0

:6 .10
540.35 .19

534.75 .=9

486.85 (a)

*

*

4?4.61 (a)

482i21 .02

%

473.61 .07

478.05 .13

471.38 .05

~9.08 .06

for weighing.

1, 1900 rpm; brake mean effective preaaure, l’7i?
spark ●dvance, 300 B.T.C..,● maxlmWs rear-

.000 ~7

Deposit, Condition after te~t
(gyama)

I
!XHAUST VALVES

(a) Lightpin-point corrosion on center of
crown

4.19 Exa@lent

4.02 Valvenot cleaned,P“endlngfwther In.
veatigatlonof deposits

4.59 Valvenot cleaned,pendingsur~~erln-
vestlgatlon of deposits

L7. Z Smallshallowpitson centerof crown
5.25 Twoor threeDln-Pointpits on crown

j.os Excellent

2.94 Ptn-point corrosion covering antire
crown

2.51 Blg shallow marks covering entire
crown (fig. 10)

INTAKE VALVES

6.15 Valve not cleaned, pendlzlg further ln-
vestlgatlon of depoalte

49. 1 Excellent
(a) Scatteredshallowcorrosioncovering

approximatelyone-thirdof hollowin
valvecrown

10.51 valvenot cleaned,pendingfurtherln-
vestlaatlonof depo~lts

7.31 Lightcorroalonon approximately one-
fourth of rim of valve crown

7.94 Pln-pointcorrosionoverentiretop
andbottomof’valvehead

7.86 Pln-pointcorrosionoverentiretop
andbottomof valvehead

5.85 Pln-pointcorrosionoverentiretop
and bottomof valvehead

7.74 Scatte~edverysmall pln-point cor-
roelon on valve head

NATIONAL ADVISORY
COWIITTEE FOR AERO~UTICS
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TEST IN

..

SPARK-PLUG-GAPWEAR RESULT. FROM 50-HOUH

m3m-cYLrNmR AJR”COOLED RAmAL EmmE

[Brake horsepower, 750; en@ne speed, 1900 rpm;
brake meau effective pressure, 172 lb/sq In.;
fuel-air ratio, 0.052; spark advance, 30° B.T.C.;
muimum rear-spark-plug-buehlngtemperature, 400° F]
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Figure I. - Nine-cylinder air-cooled radial engine test setup for contin-
uous 50-hour multicy linder-engine test.
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a r 1 I 1 I I I I 1

Fuel-air ratio

FlguIw 2. - Mixture-controlowrve for nine-cylinderair-cooledradial engine
tested. Values added for the same en@ne operatingat the conditions
recommendedin reference1.
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Cyllnder

Fl~ 3. - Mkture distributionin nine-oyllnderaid-cooledradial engine
tested. Brake horsepower,750; en@ne speed, 1900 rpm; fuel-air ratio,
0.052; s~rk advanoe, 30° B.T.C.
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Figure 4. - Graphlo log of 50-hour teat of nine-oylinder air-cooled radial engine. Brake horsepower,750;enginespeed,
1900rpm;brakemeaneffectivepressure,172poundspersuuaretnoh;fuel-airratio,0.052;sparkadvance,30°B.T.C.



NACA MR No. E5127a

Figure 5. - Condition of bore of typical cylinder after 50-
hour test of nine-cylinder air-cooled radial engine. Brake
horsepower, 750; engine speed, 1900 rpm; brake mean effec-

tive pressure, 172 pounds per square inch; fuel-air ratio,
0.052; spark advance, 30° B.T.C.; maximum rear-spark-plug-
bushing temperature, 400° F.
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Figure 6. - Condition of combustion chamber of typical cyl-
inder after 50-hour test of nine-cylinder ai r-cooled radial

engine. Brake horsepower, 750; engine speed, 1900 rpm;

brake mean, effective pressure, 172 pounds per square inch;

fuel-air ratio, 0.052; spark advance, 30° B.T.C.; maximum
rear-spark-plug-bush ing temperature, 400° F.
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(a) Major thrust.

Figure 7. - Condition of typical piston and rings after
cleaning fol lowing 50-hour test of nine-cylinder air-cooled radial

engine. Brake horsepower, 750; engine speed, 1900 rpm;
brake mean effective pressure, 172 pounds per square inch;
fuel-air ratio, 0.052; spark advance, 30° B.T.C.; maximum
rear-spark-plug-bush ing temperature, 400° F.
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(b) Minor thrust.

Figure 7. - Concluded.
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Figure 8. - Valve heads of cylinder.7 typical of intake and
exhaust valves after 50-hour test of nine-cylinder air-cooled radial

engine. Brake horsepower, 750; engine speed, 1900 rpm;
brake mean effective pressure, 172 pounds per square inch;

fuel-air ratio, 0.052; spark advance.; .30° 8.T.C.; maximum
rear-spark-plug-bush ing temperature, 400° F.
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Figure 10. - Condition of valve stems and necks from cylinder 7 typical of intake and

exhaust valves after 50-hour test in nine-cylinder ai r-cooled radial engine. Brake

horsepower, 750; engine speed, 1900 rpm; brake mean effective pressure, 172 pounds

per square inch; fuel-air ratio, 0.052; spark advance, 30° B.T.C.; maximum rear-spark-

plug-bushing temperature, 400° F.
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Figure II. - Condition of exhaust-valve face from cy”linder 9
after 50-hour test in nine-cylinder ai r-cooled radial engine.

Brake horsep aver, 750; engine speed, 1900 rpm; brake mean

effective pressure, 172 pounds per square inch); fuel-air
rati 0, 0.052; spark advance, 30° B.T.C.; maximum rear-spark-

plug-bushing temperature, 40-00 F.
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Figure 12. - Condition of exhaust-valve crown from cylinder 9

after cleaning fol lowing 5b-h~ur test in nine-cylinder air-

cooled radial engine. Brake horsepower, 750; engine speed,
1900 rpm; brake mean effective pressure, 172 pounds per

square inch; fuel-air ratio, 0.052; spark advance, 30° B.T.C.;
maximum rear-spark-p lug-bushi ng temperature, 400° F.
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100° F; maximum rear-spark-plug-bushingtemperature,500° F; fuel,AM-F-28,
Amendment-2.
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Figure 14. - Preignition-llmited performance of 28-R fuel. CFR engine;
open tube hot spot; engine speed, 18OO rpm; Inlet-air temperature,
225° F; coolant temperate, 21jOoF; s~rk advance, 200 EoT.cOi com-
pression ratio, 7.0. (Data from reference IS.)
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